Using two-dimensional (2D), radiation magnetohydrodynamics (RMHD) numerical simulations, we have designed a feasible z-pinch radiation source that ignites a high yield fuel capsule in a z-pinch driven, double ended hohlraum concept. The z-pinch is composed of nested beryllium (Be) shells and a coaxial, cylindrical foam converter. The z-pinch is designed to produce a shaped radiation pulse that compresses a capsule by a sequence of three shocks without significant entropy increase. We present results of simulations pertaining to the z-pinch design, and discuss conditions that must be achieved in the z-pinch to ensure production of the required radiation pulse.
INTRODUCTION
The z-pinch driven, double ended hohlraum (ZPDH) is a viable concept for achieving ignition of a high yield fuel capsule [1] [2] [3] . In this concept, shown in Fig. 1 , a secondary hohlraum containing a fuel capsule is driven (irradiated) by the combined radiation pulses from two primary z-pinch radiation sources (one on each side of the secondary). A baseline capsule of interest 3 is also shown in Fig. 1 . In previous work, Hammer et al. assumed a scaled up Z accelerator to computationally determine a capsule design, radiation pulse shape, and energy required to ignite the capsule and produce ~500 MJ yield 1 . The capsule / hohlraum and z-pinch were considered separately, and the z-pinch was composed of low atomic number, non-conducting, lithium-deuteride shells, which may not be feasible to fabricate or implement. We are developing an integrated, 2D, computational RMHD model that self-consistently includes the secondary hohlraum and capsule, a feasible z-pinch design, power flow from accelerator to z-pinch, achieves ignition of the baseline capsule, and yields ~500 MJ of thermonuclear energy. In this manuscript we present results from 2D, RMHD simulations of a feasible z-pinch design, and discuss aspects of the design that have a significant effect on radiation output (e.g., optical depth of z-pinch components). Details of the baseline capsule and 2D hohlraum simulations can be found in Ref. 3 . This capsule has yielded ~420 MJ in 2D simulations of the secondary hohlraum that include novel shield designs for controlling radiation asymmetry.
PRIMARY Z-PINCH DESIGN FOR A SCALED UP Z-ACCELERATOR
Fully integrated, 2D, RMHD simulations of a primary z-pinch coupled to a secondary hohlraum with capsule are possible, but are complex and time consuming. To simplify the computational modeling, we initially design each component independently in an iterative manner with the goal of combining the best designs into an integrated model. Thus, we have developed a model for one of the primary z-pinches (of the ZPDH) using 2D, RMHD simulations in which energy enters the problem by a Thevenin equivalent circuit representation of the accelerator. The z-pinch must produce a radiation pulse with the shape and energy required to ignite the baseline capsule. The radiation pulse is tested by using it to drive a 2D, RMHD simulation of the capsule hohlraum (without a capsule) to get the effective time dependent radiation temperature [Tr(t)] at the hypothetical capsule surface. The resulting Tr(t) is then used as the radiation source in a 1D, radiation hydrodynamics simulation of the capsule to test for ignition, and determine yield. The process is repeated until the yield is similar to that of the baseline capsule (~500 MJ).
Using the aforementioned approach, we have designed a primary z-pinch radiation source for a scaled up Z accelerator 4 that ignites a slightly modified version of the baseline capsule, which yields~200 MJ. In this case, the circuit model 5 represents the Z accelerator, but the corresponding open circuit voltage is scaled up until the desired radiation pulse is produced. Shown in Fig. 2 , the z-pinch is composed of nested beryllium (Be) shells, 1 mm thick, with centers located at R = 0.48 cm and 1.0 cm. The Be shells are foam-like liners with densities below that of solid Be (1.85 g/cc). The simulation results presented here were obtained using the RMHD code ALEGRA 6 . Two temperature, SESAME 7 equations of state 2023 and 7171 are used for Be and CH 2 , respectively. Electrical and thermal conductivities obtained from quantum molecular dynamics simulations 8 are used for Be. A Spitzer model is used for the CH 2 conductivity. Radiation transport is multi-group diffusion. There are 22 photon groups with energies in the range 0.01 ( .H9 )UHTXHQF\ GHSHQGHQW PDWHULDO RSDFLWLHV DUH JHQHUDWHG E\ PROPACEOS 9 . A random density perturbation equal to 0.01% is applied to the outer Be liner to initiate the magnetic Rayleigh-Taylor instability. As shown in Fig. 2 , the chosen perturbation amplitude produces a highly modulated z-pinch plasma.
Plots of radiated power and energy vs. time for this z-pinch are shown in Fig. 3 . The letters A, B, and C mark the foot, shoulder, and main pulse features of the radiation pulse. The foot is produced by shock heating in the Be liners after they collide. The shoulder step B is produced when the Be z-pinch plasma collides with the foam converter. The shock produced by this collision, shown in Fig. 2 (right) , eventually impacts the axis thereby generating the main pulse feature C. The timing of these features is excellent compared to the ideal (reference) pulse that ignites the baseline capsule, but the amplitudes are different. The power pulse has slightly less energy after the foot, but about the same total energy after the main, which requires a modification of the baseline capsule to produce ignition and high yield. Note that this is the energy that must be produced by each primary z-pinch in the ZPDH concept, ~18 MJ total radiated energy. The load current and energy required by each primary z-pinch to produce the radiation power and energy shown in Fig. 3 are plotted vs. time in Fig. 4 . Superimposed is the radiated energy. Peak load current and energy are respectively ~76 MA and ~33 MJ, 28% of which is radiated. The energy needed in the foot pulse ultimately determined the peak current, which required scaling a semi-empirical open circuit voltage for the Z accelerator by a factor of 5.3. Increasing the radiation efficiency (energy radiated / kinetic energy) in the foot would substantially reduce the energy requirements for this hypothetical accelerator. Understanding how the radiation power produced by each shock event scales with current is a prerequisite to defining the energy requirements of a future accelerator. Using the jump conditions for shocks produced at events A, B, and C in Fig. 3 , it can be shown that the rate of internal energy generation, and therefore radiation power, is proportional to the kinetic energy flux (ȡY 3 ) of the impactor. For events A and B, the velocity v is a relative velocity v 0 -v p , where v 0 is the impactor velocity and v p is the particle velocity EHKLQG WKH VKRFN IURQW ,Q DQ\ FDVH WKH VKRFN WUDQVLW WLPH Ĳ 8ǻ 8 VKRFN VSHHG ǻ impactor thickness) across the impactor determines the rise time of the power pulse (for optimum optical depth). If the impactor radiates all of its kinetic energy Mv 2 LQ WLPH Ĳ then the peak radiated power (P max ) is proportional to Mv 2 8ǻ RU 3 max Į 0ǻY 3 , since U is proportional to v, which is basically the kinetic energy flux. For a magnetically imploded liner, the kinetic energy is proportional to the peak current squared (I 2 ); thus, the peak power radiated in events A-C (Fig. 3 ) is proportional to I 3 . Power scales with current much slower in wire array experiments on the Z accelerator 10 , which increases the energy cost of an accelerator that operates at higher current.
It is important to understand the relationship between optical depth and radiation efficiency because it has a significant affect on the energy required by the accelerator. The energy radiated by the z-pinch in any one of the shock producing events A-C in Fig.  3 is highly dependent on the optical depth of the z-pinch plasma at the time, which depends on a combination of the existing level of instability (modulation) and material atomic number. To demonstrate the sensitivity of radiated power and energy produced at stagnation (event C) to optical depth, a series of 1D, RMHD, LASNEX 11 simulations was run for a configuration similar to that shown in Fig. 2 for outer liners composed of Be, Cu, and W. In each case the absorption opacity was scaled to change the effective optical depth of the outer liner, similar to the way that modulation by MRT might affect its optical depth. Reducing the scale factor reduces the optical depth. The peak radiated power and energy vs. the applied opacity scale factor are plotted in Fig. 5 for each material. For a scale factor of 1.0, no change in opacity, both the peak radiated power and energy decrease with increasing atomic number. This trend reverses in the power for a scale factor of ~0.01, in which case the energy radiated is near optimum and about the same for all materials. The optimum optical depth (calculated outward from the axis at peak power) is ~2 for all materials. The optical depth that maximizes the radiation efficiency of the z-pinch depends on the materials used in combination with the level of instability that occurs. These considerations led us to the choice of Be for the liner material in our z-pinch design. The radiation pulse from the 2D, z-pinch simulation (Fig. 3) is used to drive a 2D, RMHD, LASNEX simulation of the secondary hohlraum (without a capsule) depicted in Fig. 6 , to calculate the time dependent radiation temperature [Tr(t)] at the hypothetical capsule surface so that it can be used as a source term in 1D capsule simulations. The zpinch geometry is included, but the z-pinch plasma is replaced by a moving radiation source with a prescribed trajectory and current determined by the 2D, z-pinch simulation. The hohlraum walls are composed of gold-gadolinium to reduce energy losses to the walls. Details can be found in Ref. 3 . In Fig. 6 , the resulting Tr(t) vs. time is compared with that produced by the ideal pulse, which ignites the baseline capsule in Fig. 1 . The Tr(t) produced by the ALEGRA radiation pulse does not ignite the baseline capsule. The lower foot temperature implies a slower shock speed in the fuel layer; consequently, the shock produced by the shoulder feature catches up to it thereby causing excessive entropy increase. IJQLWLRQ LV UHFRYHUHG E\ LQFUHDVLQJ WKH DEODWRU WKLFNQHVV WR ȝP DQG UHGXFLQJ WKH IXHO WKLFNQHVV WR ȝP and produces a yield of 180 MJ, a decrease of 65% relative to the 1D yield of the baseline capsule. Nevertheless, this result gives us a point on the ignition map that provides guidance for improving the z-pinch design. To increase the 1D yield, more fuel will have to be added to the modified capsule, which will require either an increase in either the foot pulse energy or the interval between the foot and shoulder features. Increasing the primary z-pinch radius to increase the kinetic energy for foot pulse production is costly in terms total energy required, because the power required to heat the primary hohlraum walls scales like (R 2 + LR) 1.15 , where L is the length.
The energy required by an accelerator for high yield fusion using a ZPDH depends on the radiation efficiency of the z-pinch. This work shows that optimizing radiation efficiency requires an in depth understanding of the relationship between optical depth, the materials used for the z-pinch components, the level of instability that develops in the imploding plasma, and how this depends on configuration (e.g., liners or wire arrays). To maintain the radiation efficiency of a z-pinch that is scaled to higher current, it may be necessary to use materials with lower atomic number for the more massive z-pinch components required.
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